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ABSTRACT
Cold start driving cycles exhibit an increase in friction losses
due to the low temperatures of metal and media compared to
normal operating engine conditions. These friction losses are
responsible for up to 10% penalty in fuel economy over the
official drive cycles like the New European Drive Cycle
(NEDC), where the temperature of the oil even at the end of
the 1180 s of the drive cycle is below the fully warmed up
values of between 100°C and 120°C. At engine oil
temperatures below 100°C the water from the blow by
condensates and dilutes the engine oil in the oil pan which
negatively affects engine wear. Therefore engine oil
temperatures above 100°C are desirable to minimize engine
wear through blow by condensate. The paper presents a new
technique to warm up the engine oil that significantly reduces
the friction losses and therefore also reduces the fuel
economy penalty during a 22°C cold start NEDC. Chassis
dynamometer experiments demonstrated fuel economy
improvements of over 7% as well as significant emission
reductions by rapidly increasing the oil temperature. Oil
temperatures were increased by up to 60°C during certain
parts of the NEDC.
It is shown how a very simple sensitivity analysis can be used
to assess the relative size or efficiency of different heat
transfer passes and the resulting fuel economy improvement
potential of different heat recovery systems system. Due to its
simplicity the method is very fast to use and therefore also
very cost effective. The method demonstrated a very good
correlation for the fuel consumption within ±1% compared to
measurements on a vehicle chassis roll.
INTRODUCTION
Maximum efficiencies of up to 35% are possible for gasoline
engines but during typical day to day driving in passenger
cars only between 10% and 20% of the used fuel is converted
into mechanical energy to move a car [1]. The majority of the
energy is wasted either through the exhaust mass flow into
the ambient air or via direct heat transfer from the engine and
radiator into the environment. Engine friction is another large
contributor of efficiency losses. For a fully warmed up engine
the amount of energy wasted through engine friction can be
anywhere between 10% at wide open throttle (WOT) up to
40% during part load, for example during city driving or
cruising at constant speeds of up to 120km/h on the highway
[2]. At lower temperatures, for example between 20°C and
30°C, the start temperature of the NEDC, the engine friction
can be even 2.5 times higher [2, 3]. This strong increase in
friction at low temperature is caused by logarithmic increase
of oil viscosity with decreasing temperature [4]. The effects
of ambient temperature and vehicle soak temperature were
investigated by Ford at a vehicle level where three vehicles of
different size and manufacturer with different engine
concepts, for example direct injection gasoline and port fuel
injection, were soaked and tested at different temperatures.
Fuel economy improvements of between 5% and 10% were
demonstrated for a temperature increase of only 10°C as
shown in figure 1 [5, 6].
As friction levels are reduced with increasing temperatures
and on the other hand a lot of heat is wasted through the
exhaust and the cooling system it seems to be logical to use
some of the wasted heat to reduce friction. This idea has been
investigated to some extend by warming up the coolant with
exhaust heat through an exhaust gas heat exchanger. Such
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systems are already in production for various vehicles with
very efficient drive trains even though these systems
delivered only very minor fuel economy improvements up to
a maximum of 1%, in some instances they even lead to a
reduction of fuel economy [7, 8]. So the main reason why
such exhaust gas/coolant heat exchangers were implemented
is that they improve the heater performance which means that
the passenger compartment is warmed up faster at very low
temperatures that are typical during winter in regions with
cold climates like for example Scandinavia.
ANALYSIS OF HEAT TRANSFER
FROM EXHAUST GAS TO ENGINE
OIL
A relatively simple sensitivity analysis helps to explain why
only marginal fuel economy improvements can be realized by
transferring exhaust heat to the engine coolant. To reduce
engine friction the ultimate aim is to transfer as much heat
into the engine oil as soon as possible. The analysis considers
typical efficiencies for the various steps of the heat transfer
process that are involved to warm up the engine lubrication
oil with the exhaust gas. The advantage of using the approach
with typical efficiencies is that it does not require a detailed
and complicated model for the components involved. The
underlying heat transfer equations are based on empirical
investigations anyway with relatively large uncertainties. The
main aim of this analysis is to demonstrate the order of
magnitude of exhaust heat transferred into the oil. The
efficiencies for the different heat transfer steps are displayed
in figure 2 where two different systems are compared, firstly
a standard production configuration that uses a heat
exchanger to transfer heat from the exhaust gas to the
coolant, and secondly a new approach that transfers the
exhaust heat directly to the engine oil with the same heat
exchanger.
EXHAUST GAS/COOLANT HEAT
EXCHANGER
As mentioned before the main purpose of such systems is to
warm up the cabin faster at very cold temperatures. An
exhaust gas heat exchanger is installed in the exhaust behind
the catalyst. To avoid overheating of the coolant the heat
exchanger can be bypassed on the exhaust side, controlled by
a flap valve. On the coolant side the heat exchanger is in the
“bypass” circuit that warms up the passenger compartment
when required. Such an arrangement is displayed in figure 17
of [7]. The first step in this heat transfer process is the
transfer of heat from the exhaust gas to the engine coolant.
Here a typical heat exchanger efficiency ηHE of 80% is
assumed. This is an arbitrary value that depends on the
specific heat exchanger design and installation as well as on
the inlet temperatures of the two fluids.
In a second step the remaining heat is transferred from the
coolant into the metal structure of the engine that is also in
contact with the engine oil, mainly the cylinder head and the
cylinder block. So the cylinder head/and -block could be
considered as a typical heat exchanger to transfer heat from
the coolant to the engine metal structure. However, this heat
transfer path normally acts in the opposite direction: the
combustion heat is transferred into the cylinder head and -
block from where it is transferred into the coolant to avoid
local overheating. With an increase in coolant temperature
the heat loss from the combustion chamber to the coolant is
actually reduced. The effects on the combustion process are
neglected in this example for further simplification. Because
the heat transfer function of cylinder head and a cylinder
block is only a side function, they are not designed like
typical heat exchangers. For example the wall thickness of
the metal is a multiple of a typical heat exchanger and the
surface area is relatively small due to the absence of fins that
are difficult to incorporate in the manufacturing process of a
Figure 1. Fuel consumption as a function of test temperatures [6]
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cylinder block and cylinder head. For dynamic warm up
considerations the wall thicknesses of the cylinder head and -
block with its specific heat capacities would be also
important which in fact further reduces the warm up of the
oil, but again these effects are not discussed here. The
efficiency number should be smaller compared to the exhaust
gas heat exchanger. Even though in most areas of the cylinder
head and -block the heat is transferred from the metal to the
coolant we can introduce an efficiency factor ηCM of 50%
that represents the percentage of heat from the coolant that is
remaining in the metal structure as a result of the reduction of
heat loss from the metal to the coolant due to higher coolant
temperatures. Again this is an arbitrary assumption based on
a best engineering guess.
The final step is the transfer of heat from the cylinder block
and -head metal structure to the lubrication oil. The additional
heat from the coolant that is remaining in the metal structure
as a result of the reduction of heat loss from the metal to the
coolant is transferred in two directions: Firstly the target
direction is to transfer this excessive heat into the engine oil
and secondly the majority of the heat is lost into the ambient
air with its much lower temperature. The heat rate transferred
into the ambient air can be described simply by the
convective heat transfer equation
(1)
where hA is the convective heat transfer coefficient to the air,
AA is the surface area of the engine in contact with the
ambient air, TM the average metal temperature of cylinder
head and -block and TA the ambient air temperature. In the
same way the heat rate transferred from the engine metal to
the lubrication oil can be described as
(2)
Here hO is the convective heat transfer coefficient to the oil,
AO is the surface area of the engine in contact with the
lubrication oil and TO the average oil temperature. The
combined heat transfer rate from the metal to the air and oil is
(3)
So the resulting efficiency of the heat transfer rate into the oil
related to the combined heat transfer rate is
(4)
By dividing equation (2) through equation (1) the heat rate to
the oil QO is described in relation to the heat rate to the air
QA
(5)
With the introduction of three oil to air ratio factors QO can
be described as a function of QA. The ratio factors are
(6)
The combined oil to air ratio factor is
(7)
So the resulting efficiency of the heat transfer rate into the oil
related to the combined heat transfer rate is
(8)
Some of these ratio factors were determined through
measurements of the vehicle that was tested as described
later. The test object was a Ford Falcon Turbo In-line 6
cylinder engine with a displacement of 4.0 liter. At the start
of a NEDC test all temperatures are the same at 22°C. At the
end of the test the maximum metal temperature of 96°C was
recorded and the maximum oil temperature was 82°C, as
shown in figure 6 for the baseline configuration (heat
exchanger off). The resulting average temperatures are TM =
59°C and TO = 52°C, so the resulting ‘temperature ratio’ ηT
is only 0.19. For the surface ratio a value of ηA=0.1 was
calculated based on the outside dimensions of the engine
(0.7m long, 0.2m wide and 0.6m high) and oil gallery (total
length 3.3m, average diameter D=13mm), for more accurate
calculations a CAD model of the block and head would be
required.
The heat transfer processes during an NEDC cold start test is
quite dynamic due to the constantly changing temperatures,
material properties, vehicle speeds and engine speeds.
Describing that process would require the solution of various
complex differential equations which is not the purpose of
this study. To simplify the process average values over the
drive cycle were assumed for vehicle speed and material
properties. This is a common practice even for complex
combustion simulations with modern simulation tools. Most
of these combustion simulation tools use empirical equations
for the heat transfer in the combustion chamber in the form of
heat transfer times the temperature difference, for example
the equations from Woschni [9], Bargende [10], Hohenberg
[11], or Annand [12]. None of these equations include
solutions for the fundamental differential equations even
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though an heat transfer equation based on the solutions of
these differential equations has been developed by
Kleinschmidt [13, 14]. So the heat transfer coefficient for the
engine oil was calculated using the following equations
(9)
(10)
Material properties and dimensions that were used for that
calculation are: effective length of oil gallery L=2m, engine
width d=0.2m, oil flow rate 301/min at an average engine
speed of 1500RPM, and the oil properties at 50°C: kinematic
viscosity ν=161mm2/s, conductivity k=0.142W/(m °C),
density ρ= 870kg/m3, specific heat capacity cp=2.0055 kJ/(kg
°C) [15]. For the convection of the oil in the galleries that
lead to a heat transfer coefficient hO= 36.2W/(m2 °C).
For the convection of air around the engine a heat transfer
coefficient is calculated through [4]
(11)
With an average drive cycle speed of ν=9.3m/s that results in
an heat transfer coefficient hA=34.1 W/(m2 °C) which leads
to a heat transfer coefficient ratio ηh of 1.06.
Therefore the combined ratio factor ηC is only 0.0202 leading
to a resulting efficiency for the convective heat transfer from
the engine structure to the lubrication oil ηR of only 0.0198.
Now the total heat transfer from the exhaust gas to the engine
oil is a multiplication of the individual efficiencies of all three
heat transfer steps
(12)
So the total efficiency is 0.8% and therefore very
insignificant.
That means that only 0.8% of the available exhaust heat is
transferred into the engine oil to reduce friction. If the
average engine friction during a NEDC test is considered as
25% of the fuel energy as stated before in [2] and [3] this
results in a fuel economy improvement of 0.2%. That does
not include negative effects of increased power requirements
of the water pump to overcome the additional resistance of
the additional heat exchanger and the relevant hoses and the
additional thermal masses of the heat exchanger itself and
particularly the additional cooling fluid in the heat exchanger
which will compensate at least some of this theoretical fuel
economy improvement potential.
So the results of this very simple sensitivity analysis are very
well in line with results from actual measurements [7, 8] even
though such a small amount is very difficult to verify in a
standard fuel economy test cycle like the NEDC with typical
test to test variability in the range of ±1% under very
controlled conditions.
To get an idea how potential variations to the single value
assumptions would affect the results of this analysis, a best-
and worst case scenario are added. This also reflects the
problem that most convective heat transfer calculations are
based on empirical equations and it is not unusual to see
variations of up to ±25% depending on the type of equation
that is used [15]. Therefore in the best case scenario all three
efficiencies are increased by 25% and in the worst case
scenario reduced by 25%. The result is that the total
efficiency will be multiplied by 0.42 in the worst case
scenario or with 1.95 for best case. For the worst case that
leads to a new heat transfer efficiency of only 0.3% and a fuel
consumption reduction of 0.08%. In the best case scenario the
heat transfer efficiency increases to 1.5% leading to a fuel
consumption reduction of 0.4 %. Both of these results are
very small and therefore still in line with the measurements of
such a system [7, 8].
DIRECT HEAT TRANSFER FROM
EXHAUST GAS TO ENGINE OIL
The above analysis demonstrated that using coolant to warm
up the engine oil involves a series of heat transfer processes
that are not very efficient, in particular the heat transfer from
the coolant to the engine oil by using the engine as a heat
exchanger. The reasons are significant heat losses from the
metal structure of the cylinder block and head to the ambient
air. Even though one primary function of the cylinder head
and block is to transfer heat, the aim is to transfer the heat to
the coolant and the ambient air to avoid local overheating of
various components. But the engine is not really designed to
transfer heat quickly to the engine oil. So if the major loss
factors in equation (12) could be eliminated, particularly ηR,
that would dramatically improve the efficiency of such an
exhaust gas recovery system. Therefore a new approach is to
warm up the engine oil directly with the exhaust gas. A
standard production exhaust gas heat exchanger that is
designed to warm up the coolant was installed in the
lubrication system instead of the coolant system. An adaptor
between engine block and oil filter was used to pick up the oil
from behind the oil pump. From the exhaust gas heat
exchanger the oil was returned back into the oil filter and
from there back into the engine oil gallery. A system diagram
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is shown in figure 3. For such a system the same heat transfer
efficiency analysis was conducted as for the standard system
with the exhaust gas/coolant heat exchanger. From the
previous three efficiency factors only one remains, the heat
exchanger efficiency ηHE of 80%. This value was not
changed because even though the oil has a lower conductivity
than coolant - which could result in a lower efficiency - the
specific heat capacity is also lower which partially offsets the
negative effect of the reduced conductivity, but the main
reason is that the mass flow of an engine oil pump is lower
than the mass flow of an engine water pump if both are
driven mechanically through the engine. This result in larger
temperature differences of the oil through the heat exchanger
which in fact improves the heat exchanger efficiency defined
as
(13)
TO2 is the oil temperature after the heat exchanger, TO1
describes the temperature of the oil entering the heat
exchanger and exhaust temperature into the heat exchanger is
TE1. Now unfortunately once the oil is warmed up a little, it
flows back into the engine oil pan. Here a significant portion
of the energy is also lost into the ambient air in a similar way
as previously discussed for the heat loss from the cylinder
head/-block into the ambient air. Similar as the cylinder block
and -head the second main function of the oil pan is to
transfer heat from the oil into the ambient air under certain
conditions like wide open throttle. However, the oil pan can
be considered as a slightly more efficient heat exchanger
compared to the cylinder block and -head because the ‘walls’
are much thinner for example by using sheet metal as a
material or in case aluminum is used with its high thermal
conductivity often ribs are used on the outside of the oil pan
to improve the stiffness for reduced noise emissions but also
to increase the heat transfer. So for the purpose of this
analysis an efficiency ηOA of 60% is assumed which is
slightly higher than the 50% for the heat transfer from coolant
to the metal structure. As we are interested in the heat from
the oil/exhaust gas heat exchanger that is actually retained in
the oil this efficiency ηOP is
(14)
So the total efficiency for the oil/exhaust gas heat exchanger
is 0.32.
(15)
With 32% the efficiency of an oil/exhaust gas heat exchanger
is over 27 times more efficient compared to heating up the
coolant with exhaust gas. Assuming the same friction
percentage of 25% over the NEDC as in the previous chapter
this would result in a fuel economy improvement of 8%
without consideration of additional pumping losses of the oil
pump and the additional thermal masses of the additional heat
exchanger and the additional oil required.
Figure 2. Heat transfer efficiencies for coolant/exhaust
gas heat exchanger and oil/exhaust gas heat exchanger
Even though this analysis just focuses on static conditions,
the transient effects of using engine oil instead of coolant also
have a positive effect due to the lower heat capacity of the oil
compared to the coolant so the additional fluid that is
required by both such systems has a less negative effect with
using oil.
A similar best case and worst case scenario was considered as
for the exhaust gas/coolant heat exchanger. Here only two
efficiency factors need to be reduced or increased by 25%. In
a worst case scenario the total heat exchange efficiency
would reduce to 18% compared to a solid improvement of
50% for the best case range. For the fuel consumption
reductions that would mean a worst case of 4.5% which is
still quite remarkable and a maximum reduction of 12.5% in
best case. If different engines will be analyzed obviously
these numbers would also depend on a couple of other factors
like the material properties (aluminum versus cast iron), and
detailed designs and dimensions of the engine and the heat
exchanger.
TEST RESULTS FOR OIL/EXHAUST
GAS HEAT EXCHANGER
The system configuration with the exhaust gas/oil heat
exchanger as shown in figure 3 was tested in a vehicle over
the NEDC test cycle in two conditions firstly without the heat
exchanger activated and secondly with an active heat
exchanger. The heat exchanger with a by-pass valve that was
manually operated was installed in the exhaust behind the
catalyst. Due to an under-floor catalyst configuration that
resulted in relatively long oil hoses that were connected to the
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engine via an adapter plate that was mounted between oil
filter and engine block. Such adaptors are typically used for
installations on engine dynamometers where the oil
temperature is controlled or if an additional oil cooler needs
to be installed in a vehicle.
To reduce the influence of test to test variability like driver
influence, soak temperature and others [6] five tests were run
in both conditions and the results were averaged to increase
the confidence level of this study. The tests were performed
on vehicle chassis rolls of the Advanced Centre for
Automotive Research and Testing, as described in [6, 16].
The most interesting results were the improvements in fuel
economy as depicted in figure 4. Over the combined NEDC
test the fuel economy was improved by over 7%.
For the urban part of the drive cycle the fuel economy was
even improved by 8% and also in the extra urban part the fuel
economy was increased by 7%. An equivalent reduction of
Carbon Dioxide (CO2) emissions of 21g/km was measured.
For the regulated exhaust emissions also significant
reductions were verified (figure 5). The Carbon Monoxide
(CO) emissions were influenced at the most with a reduction
of 27% at the tailpipe. Also the Nitrogen Oxides (NOx)
emissions were reduced largely by 19%. Only the Hydro-
Carbon emissions (HC) remained more or less constant with
a minor reduction of only 2%.
The analysis of the oil temperatures revealed some very
interesting phenomenon. Figure 6 shows several oil
temperatures: for the configuration with the active heat
exchanger all traces are displayed with dotted lines and the
solid lines show the configuration without heat exchanger.
The oil temperatures out of the engine into the heat exchanger
are drawn in blue, the red lines are the oil temperatures after
the heat exchanger flowing into the engine and the black lines
are the recordings from the standard oil temperature sensor in
the main oil gallery.
Figure 4. Fuel economy improvements with oil/exhaust
gas heat exchanger (vehicle measurements averaged
over 5 tests in each configuration)
The most interesting finding with the heat exchanger active is
that the oil temperature rises sharply within the first 100
seconds to almost 80°C. This is followed by a temperature
drop and then it rises again to 92°C in line with the increase
in vehicle speed. This is followed by another unexpected
temperature drop after 180 seconds. Then the temperature
Figure 3. Layout of the tested system with oil/exhaust gas heat exchanger
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difference compared to the standard configuration stabilizes
at 25°C and it increases to a difference of over 35°C during
the high speed part of the extra urban cycle at the end of the
test. A similar behavior with some delay and dampening is
observed for the temperature in the main oil gallery. The fast
increase happens only after 100 seconds and there is no
decrease in temperature evident afterwards. Only the
difference between the standard conditions decreases a little.
A growing difference over time between the on- and off
condition can be seen for the oil that is pumped into the heat
exchanger out of the oil pan.
DISCUSSION OF SYSTEM BENEFITS
AND THE UNDERLYING CAUSES
OIL TEMPERATURES
The fast temperature increase out of the heat exchanger (HE)
is caused through the operation of the pressure relieve vale:
this valve opens during the cold start due to high oil pressure
caused by the low oil viscosity and most of the oil flows
through the relieve valve by-pass instead through the oil
galleries. Therefore the heat exchanger oil flow is quite small
and causes a rapid temperature increase. When the oil warms
up the pressure drops and at some stage the pressure relieve
valve closes, with the consequence that the flow through the
heat exchanger immediately increases which causes that the
temperature drops. The temperature starts to increase again
during the middle of the test with a quite constant offset
compared to the configuration without heat exchanger
indicating a stable condition. Finally at the highest speed of
120km/h this oil inlet temperature starts to increase again and
much faster than without HE. This is caused by the higher
exhaust gas flow rates.
FUEL ECONOMY
A fuel economy improvement of 7% is quite significant and
in the same range as other much more complex and expensive
technology so this system and has a great potential to be
introduced into series production. The test results are well in
line with the predictions of 8% fuel economy improvement as
discussed before. The difference of 1% compared to the
predictions is very small. Potential reasons for this small
difference is that many assumptions and simplifications were
made for the predictions for example the increased pumping
losses for the oil pump were not calculated and the increased
thermal masses for the heat exchanger with the additional oil
was also not included in the study. But for such a simple
sensitivity analysis the results correlate exceptionally well
with the measurements which demonstrates the viability for
such an approach as a quick and reliable method to decide
about preferred design configurations. The demonstrated fuel
economy improvement represents between 50% and 70% of
the cold/hot factor which is between 10% and 15% for most
engines [6, 17, 18]. The cold hot factor is the difference
between the fuel consumption of a cold test and a hot test that
is followed directly after the cold test, divided through the hot
test fuel consumption. Interestingly not only for the urban
part 1 a large improvement of 8% was demonstrated. This
improvement was expected because the temperatures during
the urban part are lower that during the extra urban part and
the oil viscosity increases logarithmic with reduced oil
temperature. Similar simulations were conducted by Farrant
et al. [19] that predicted fuel consumption changes for
constant temperatures compared to the baseline engine. It was
estimated that for a constant engine temperature of 94°C the
fuel consumption over the ECE15 cycle could be reduced by
20% with completely warm oil. But for the extra urban drive
cycle (EUDC) only 2% reductions in fuel consumption were
predicted. For the combined NEDC the maximum
improvement potential was 12%. So the combined results are
well in line with the measurements of this study considering
the fact that the tests were started with cold temperatures and
not with fully warm oil.
However, the fuel economy improvements for the second part
are also very high so they are worth to be discussed in more
detail. The high fuel economy improvement measured for the
Figure 5. Emission reductions with oil/exhaust gas heat exchanger (vehicle measurements averaged over 5 tests in each
configuration)
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EUDC can be explained by several reasons: firstly during the
second part the engine load is higher resulting in a higher
exhaust flow rate so much more heat is available in the
exhaust to warm up the oil. That can be seen in the
temperature difference between the on- and off-position. The
difference is much bigger in the second part, particularly for
the cold temperature that is coming out of the engine, here the
difference is around 4 times bigger. Secondly the engine
speed is also much higher compared to the urban part. That
leads to higher friction values, both in absolute terms and as a
percentage of the effective power [2].
Thirdly the cold hot factor includes some measures to warm
up the catalyst faster, like increased idle speed or cold start
spark retard. These effects are only active during the first part
but they are not affected by the oil temperature. And lastly
the friction can actually increase to some extent if the oil
temperatures are higher during the urban cycle. At very low
engine speeds the increase in temperature and viscosity can
cause the lubrication to move from the most efficient hydro-
dynamic state into mixed friction which can cause an increase
of friction.
Additional fuel economy improvements are possible during
real world customer driving conditions. Over a whole year
the average ambient temperature in Europe is around 11°C
which is 11°C lower compared to the conducted NEDC tests.
According to [6] this lower temperature will increase fuel
consumption in the standard configuration without HE by
between 5.5% and 11%. Higher fuel consumption at lower
temperatures offers an even bigger potential for fuel economy
improvement through a faster warm up of the oil. The cold
hot factor could be reduced by over 50% with the HE, so a
similar percentage improvement is expected for colder real
world conditions. Therefore the real world fuel consumption
for 11°C ambient temperature with HE would be additionally
improved by between 2.8% to 5.5% compared to the 7%
improvements at normal cold start temperatures of 22°C.
EMISSIONS
The reduced exhaust mass flow (7%) firstly causes a similar
reduction of all emissions. Additionally the large CO
emissions reductions are explained by reduced wall
quenching caused by higher oil temperatures. The oil
Figure 6. Oil temperatures with and without new exhaust gas/oil heat exchanger
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temperatures are important to define the wall temperatures
within the combustion chamber on the cylinder liner. Because
the engine load is reduced due to the friction reduction, the
maximum combustion temperatures are also reduced and
therefore less NOx emissions are created during the peak
combustion temperatures. The HE reduces the exhaust
temperature after the catalyst which results in an increase of
water condensation with the exhaust. NOx emissions can
dissolve in water, therefore the condensation of water is not
allowed within an emissions sampling system during
emission certification testing. However, if the more water
condensates already within the exhaust system, this can lead
to a further NOx emission reduction.
For the HC emissions also some reductions were expected
due to the same reasons as for the CO reductions, reduced
mass flow and reductions in flame quenching. However, up
to 30% of the tailpipe HC emissions come from the oil
emissions [20]. With higher oil temperatures more oil
evaporates in the combustion chamber which offsets most of
the benefits of a lower mass flow and the reduced quenching.
ENGINE WEAR
Around 10kg of water flows through the crankcase of a
typical gasoline engine during an oil change interval of
15,000km. This amount can be computed with the following
assumptions: an average blow by of 101/min [21], an average
vehicle speed of 50km/h and a 9.2% water content in the
exhaust [22]. The crankcase ventilation system re-circulates
most of that combustion water back into the intake manifold.
But especially at low oil- and engine temperatures below
100°C some of that blow-by water condensates in the
crankcase and runs into the oil sump where it is mixed with
the oil and “promotes the formation of acids corrosion and oil
aging” [23].
Wear rates for valve train chains were measured in [24] at
different test temperatures. Wear rates of up to 150μg/hr were
measured at cold engine oil temperatures between 20°C and
50°C. This was 30 times higher compared to tests that were
conducted at higher oil temperatures between 110 and 140°C.
So if operating conditions with oil temperatures below the
water condensation temperature of 100°C can be avoided - or
at least be reduced - that will also lead to a reduction of
engine wear. This problem only gets worse if the engine is
operated at temperatures below 0°C: the water condensate in
the oil can turn into a solid state which further increases wear
but also can cause serious engine damage by blocking of oil
passages or crankcase ventilation [1] or by even bursting
some of those passages through the expansion when the water
turns into ice.
This problem particularly affects any very efficient modern
powertrains for example hybrids, because they stop during
idle so it take much longer for the oil to warm up. Therefore
many hybrids have a reduced oil change interval, for example
the 2007 Toyota Camry Hybrid has a reduced oil change
interval of only 8000km. The handbook even includes
warnings about potential oil thickening in case the shorter oil
change intervals are not followed [25].
A question that is often asked in relation to systems that
warm up the oil is how overheating of the oil could be
prevented which would cause a breakdown of the oil [23].
These long term effects will depend on the specific system
configuration, for example heat exchanger design and valve
operating strategies, similar as in turbo chargers where oil
and hot exhaust gases flow through. One has to remember
that the hottest and therefore the most critical local areas for
the oil are the surfaces of the combustion chamber, in
particular the oil in the honing groves. Here the surface of the
oil film is in direct contact with the combustion gas at
temperatures of over 2000K [1]. This is where the oil gets
damaged, it breaks down, it condensates, and it even burns
and the maximum temperatures in the combustion chamber
are even much higher than in the exhaust gas. Typical
maximum oil temperature limits of between 120 and 150°C
are specified for the oil sump. However these temperatures
are only reference temperatures as a result of the heat transfer
from the hot gases in the combustion chamber to the oil in the
sump. These limit temperatures are set based on extensive
experience where relationships or transfer functions between
oil sump temperatures and oil break down in the combustion
chamber have been established, which can vary between
different engine configurations and designs.
A NEW SYSTEM CONFIGURATION -
OVER7™
The analysis of these test results initiated the idea for a novel
configuration of the lubrication system to further improve
fuel economy and to reduce costs. The system increases the
heat transfer from the engine metal to the lubrication oil, it
separates the thermal masses of the active oil in the engine
that generates most of the friction from the relative passive
oil in the oil pan that is responsible for a normal slow warm
up and it reduces the hydraulic power required by the oil
pump.
The novel system has an oil return bypass from the cylinder
head oil galleries that connects directly to the oil pump (or oil
pick up tube) so that a certain portion of the oil does not need
to flow through the oil sump [26]. Such a by-pass reduces or
even eliminates the dissipating flow through the pressure
relieve valve during cold start. By increasing the oil flow rate
through the engine and particularly the cylinder head this by-
pass also increases the heat transfer from the cylinder head to
the oil, so the overall heat transfer process will be much more
efficient. A valve located in the oil by-pass controls the by-
pass flow rate - and therefore also the engine oil pressure.
Therefore another positive benefit of that by-pass is that the
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hydraulic power of the oil pump is reduced, similar as in a
variable oil pump, but without the costly need to redesign the
engine to replace the oil pump. By partially separating the
thermal masses between the friction active oil in the engine
and the passive oil in the oil pan the oil that runs through the
oil galleries and bearings warms up much faster than the oil
in the oil pan which reduces friction, even without the need of
an exhaust gas heat exchanger. Alternatively the advantages
of an exhaust gas heat exchanger can me multiplied through
installation in the cylinder head lubrication by-pass. The new
system is called Oil Viscosity Energy Recovery System
OVER7™ highlighting the 7% fuel economy improvement
potential.
Analysis of the theoretical benefits and experimental
verification will be the subject of further studies. It is
expected that one of the main benefits of this new system
configuration will be a significant reduction of costs as the
heat exchanger size can be reduced significantly and standard
production proved EGR components can be used.
Alternatively if the focus is on the lowest cost per fuel
economy improvement instead of maximizing fuel economy,
the system can be designed even without an exhaust gas heat
exchanger in its most simple configuration. This even opens
the opportunity for after-market conversions.
CONCLUSIONS
Warming up lubrication oil with exhaust heat is a very
attractive method to reduce fuel consumption. For the
relatively small cost of a heat exchanger an impressive 7%
fuel economy improvement was demonstrated over an
average of 5 NEDC tests on vehicle chassis roll
dynamometers. The fuel economy improvements were very
similar for the urban part and the extra urban part which is
very important for the real world fuel economy potential e.g.
for vehicles that are either driven over longer distances or that
are operated at lower average temperatures compared to the
22°C standard test temperature. Oil temperatures were
increased by up to 60°C during certain parts of the NEDC
test.
Exhaust emissions were also reduced particularly CO
emissions by 27% and NOx by 19% without changes to the
after treatment system or adjustments to the engine
calibration or emission control strategy. Optimization of
calibration parameters and control strategies may offer
further potential that is worth exploring. Utilizing the lower
temperature of the exhaust gas after the heat exchanger for
exhaust gas re-circulation offers some further emission
reduction potential.
Reduced engine wear is another positive effect of such
systems. Ingress of water into the lubrication oil will be
reduced and water can be vaporized even during city driving
at low engine speeds and loads. That offers the potential of
extended oil change intervals and to use cheaper oil, two
further opportunities to reduce operating costs.
This project showed that even the simplest sensitivity
consideration can be a very important tool for the evaluation
of different concepts. Especially for new concepts that
include transient heat transfer such a qualitative approach in
combination with accurate experiments and measurements
can be much faster and cost efficient in helping to find the
desired improvements instead of time consuming detailed
simulations. These simulation models are very useful for
parameter studies within a well know area, but often these
detailed simulation models are only valid for a particular
system configuration because they also rely on empirical
measurements. The method of using heat transfer efficiencies
to analyze different heat transfer passes showed a good
correlation of within ±1% compared to measurements on a
vehicle chassis roll.
The study resulted in a new invention named OVER7™ that
involved an oil bypass to increase the heat transfer between
cylinder head and lubrication oil and to reduce hydraulic
losses in the lubrication system. This system is expected to
offer further fuel economy and costs benefits due to reduction
in size and complexity.
It should be noted that these conclusions are based on the
study of only one single vehicle. It will be interesting to
investigate various different system configurations also for
other vehicles with different powertrain configurations, for
example a vehicle with smaller engine and manual
transmission, a Diesel engine or a Hybrid powertrain. The
authors are keen to collaborate with other organizations to
conduct further relevant research and development to enable
the implementation of such cost efficient fuel economy
improvement technologies into mass production. Other issues
that are worth to investigate further are noise behavior, cabin
warm up performance, or on-line wear analysis. Of particular
interest could be an analysis how conventional thermo
management features like electrical thermostats or split
cooling systems would perform in combination with the
OVER7™ system. It is expected that in many instances such
conventional thermo management features would only
provide very marginal benefits in combination with the
OVER7™ system. This offers some further costs reduction
potential.
SUMMARY
The project successfully verified the significant potential of
using exhaust heat to reduce engine friction. 7% fuel
consumption reduction was measured in emission tests on
vehicle chassis rolls over an average of 5 tests. The tests
confirmed the results of a simple sensitivity analysis that
demonstrated the advantages of heating up oil directly
through exhaust gas. Results of the sensitivity analysis
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correlated very well with the test results of a physical
prototype. Other advantages of such a system configuration
are significant emission reductions and reduced engine wear
rates. The analysis of the temperature recordings resulted in
the idea of an even more effective system to reduce fuel
consumption, emissions and engine wear called OVER7™.
The system is well suited for any powertrain configuration
including Diesels, Hybrids or alternative fuels.
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NOMENCLATURE
ACART
Advanced Centre of Automotive Research and Testing
AA
surface area of the engine in contact with the ambient
air
AO
surface area of the engine in contact with the
lubrication oil
CO
Carbon Monoxide
CO2
Carbon Dioxide
cp
specific heat capacity
D
diameter
d
width
EUDC
extra urban drive cycle
HE
heat exchanger
hA
convective heat transfer coefficient to the air
hO
convective heat transfer coefficient to the oil
k
conductivity
L
effective length of oil gallery
NEDC
New European Drive Cycle
NOx
Nitrogen Oxides
Nu
Nusselt number
OVER7™
Oil Viscosity Energy Recovery System
Pr
Prandtl Number
Re
Reynolds Number
TA
ambient air temperature
TEl
exhaust gas temperature into heat exchanger
TM
average metal temperature of cylinder head and -block
TO1
Oil temperature into heat exchanger
TO2
Oil temperature out of heat exchanger
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QA
heat rate transferred into the ambient
QC
combined heat transfer rate
QO
heat rate transferred into the oil
v
velocity
WOT
Wide Open Throttle
ηA
surface ratio
ηC
combined oil to air ratio factor
ηCM
efficiency factor coolant to metal
ηh
heat transfer coefficient ratio
ηHE
heat exchanger efficiency
ηOP
oil pan heat exchange efficiency
ηR
heat transfer rate efficiency
ηT
temperature ratio
ν
kinematic viscosity
ρ
density
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